Glutamate is the predominant excitatory neurotransmitter in the mammalian brain. Once released, its rapid removal from the synaptic cleft is critical for preventing excitotoxicity and spillover to neighboring synapses. Despite consensus on the role of glutamate in normal and disease physiology, technical issues limit our understanding of its metabolism in intact cells. To monitor glutamate levels inside and at the surface of living cells, genetically encoded nanosensors were developed. The fluorescent indicator protein for glutamate (FLIPE) consists of the glutamate͞aspartate binding protein ybeJ from Escherichia coli fused to two variants of the green fluorescent protein. Three sensors with lower affinities for glutamate were created by mutation of residues peristeric to the ybeJ binding pocket. In the presence of ligands, FLIPEs show a concentration-dependent decrease in FRET efficiency. When expressed on the surface of rat hippocampal neurons or PC12 cells, the sensors respond to extracellular glutamate with a reversible concentration-dependent decrease in FRET efficiency. Depolarization of neurons leads to a reduction in FRET efficiency corresponding to 300 nM glutamate at the cell surface. No change in FRET was observed when cells expressing sensors in the cytosol were superfused with up to 20 mM glutamate, consistent with a minimal contribution of glutamate uptake to cytosolic glutamate levels. The results demonstrate that FLIPE sensors can be used for real-time monitoring of glutamate metabolism in living cells, in tissues, or in intact organisms, providing tools for studying metabolism or for drug discovery.
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aspartate ͉ hippocampal neuron ͉ neurotransmitter ͉ secretion ͉ transport I n addition to being an intermediate of primary metabolism in all biological cells, glutamate serves as the major excitatory amino acid neurotransmitter in the vertebrate central nervous system (1) . As such, glutamate influences essentially all forms of behavior, including consciousness, sensory perception, motor control, and mood. Changes in the strength of connectivity at glutamatergic synapses in the form of long-term potentiation and long-term depression are considered to be the cellular mechanisms underlying learning and memory (2) . In addition to its role in normal nervous system physiology, glutamate is also thought to be directly involved in neurologic damage occurring in stroke and neurodegenerative disorders, including AIDS-dementia complex, motor neuron disease, and Alzheimer's and Parkinson's diseases, through receptormediated toxicity (3) .
Despite its prominent role in normal and disease physiology, accurate and precise measurements of glutamate in living tissue are lacking. The concentration of glutamate in the cytoplasm and synaptic vesicles in neurons has been estimated by measurements of the amino acid in extracts (4) . Extracellular glutamate concentrations have been measured by in vivo microdialysis techniques (5, 6) . However, these techniques are limited in spatial and temporal resolution and are not suitable for detecting rapid local concentration changes around single synapses.
In vivo measurement of ions and metabolites making use of FRET has successfully been used to measure calcium concentration changes. Genetically encoded sensors for calcium were generated by fusing two fluorescent proteins (FPs) with different emission spectra to a recognition element consisting of calmodulin and the M13 peptide (7, 8) . Binding of calcium to calmodulin causes a global structural rearrangement resulting in a significant change in FRET intensity. Recently, a number of bacterial periplasmic binding proteins, which upon ligand binding undergo a venus flytrap-like closure of their two lobes, have successfully been used as scaffolds to develop FRET nanosensors for maltose, ribose, and glucose (9-11). Because they are encoded genetically, the sensors can be used in vivo and targeted to subcellular compartments to specifically analyze concentration changes within a specific compartment of an intact live cell (12) .
De Lorimier et al. (13) showed that the ybeJ protein from Escherichia coli, which shares sequence homology to glutamineand histidine-binding proteins, can function as an in vitro glutamate sensor when coupled to an environmentally sensitive small molecule dye. YbeJ was thus used as a recognition element for developing fluorescent indicator proteins for glutamate (FLIPE), reasoning that the hinge-bending motion could be allosterically transduced into a glutamate-dependent change in FRET efficiency between the attached FPs. FLIPE nanosensors were generated by flanking the mature ybeJ protein with enhanced cyan FP (ECFP) and Venus, a yellow FP (YFP) variant with reduced pH sensitivity and chloride sensitivity (14) . The ratio between Venus and ECFP emission intensity changed upon addition of glutamate in a concentration-dependent and saturable manner, demonstrating that the conformation change in the glutamate recognition domain is translated into a change in FRET efficiency. When a FLIPE sensor with a K d of 630 nM was expressed on the surface of rat hippocampal cells or rat pheochromocytoma PC12 cells, the sensor responds to extracellular glutamate with a reduced Venus͞ECFP emission intensity ratio. This reduction in FRET efficiency is also observed when rat hippocampal cells expressing a surface-anchored FLIPE sensor were electrically or chemically depolarized. An affinity mutant of FLIPE (with a K d of 10 M) expressed on the cell surface responded to perfusion with glutamate and responded weakly to electrical or chemical stimulation, consistent with the hypothesis that the concentration of glutamate released from the cells are at the low end of the dynamic range of this lower-affinity sensor. Taken together, FLIPE sensors can be used to monitor glutamate concentrations over a wide concentration range at the surface of living cells. The set of genetically encoded nanosensors for glutamate may therefore be suitable for applications such as measuring glial glutamate metabolism and transport, visualization of spillover effects, or detection of neuronal activity in live organisms, and applications in other areas such as analysis of glutamate metabolism and transport.
Experimental Procedures FLIPE Constructs and Plasmids.
A truncated glutamate͞aspartate-binding protein sequence (ybeJ, also gltI; NP415188), encoding the predicted mature protein without periplasmic leader sequence, was amplified by PCR from E. coli K12 genomic DNA by using primers 5Ј-ggtaccggaggcgccgcaggcagcacgctggacaaaatc-3Ј and 5Ј-accggtaccggcgccgttcagtgccttgtcattcggttc-3Ј. The PCR fragment was cloned into the KpnI site of FLIPmal-25 (9) in pRSET-B (Invitrogen), exchanging the maltose-binding protein sequence with that of ybeJ. The resulting plasmid was named pRSET-FLIPE-600n. To improve pH tolerance and chloride tolerance and maturation of the sensor, enhanced YFP in pRSET-FLIPE-600n was replaced with the coding sequence of Venus, a YFP variant with improved pH tolerance and maturation rate (14) . Affinity mutants carrying the substitution S118W (initiator methionine counted as position 1), A207R, or A207W were created by site-directed mutagenesis (15) , and sequences were verified. pRSET-FLIPE constructs were transferred to E. coli BL21(DE3)Gold (Stratagene) by electroporation. FLIPE proteins expressed in BL21(DE3)Gold strain were extracted and purified as described in ref. 9 .
For expression in the cytosol of PC12 cells, DNA fragments containing FLIPE-100 and FLIPE-1m sequences were excised from pRSET-FLIPE-100 and pRSET-FLIPE-1m with BamHI͞ HindIII and cloned into pCDNA3.1 (Invitrogen).
For expression at the cell surface, FLIPE-600n and FLIPE-10 cassettes were cloned into pDisplay (Invitrogen) as follows: XmaI site and SalI sites were introduced at the 5Ј and 3Ј ends of the FLIPE cassette by PCR with primers 5Ј-gagcccgggatggtgagcaagggcgaggag-3Ј and 5Ј-gaggtcgaccttgtacagctcgtccatgccgag-3Ј. PCR fragments were cloned into pGEM-T-Easy (Promega), sequenced to confirm construct fidelity, excised with XmaI͞SalI, and cloned into pDisplay.
In Vitro Characterization of FLIPE. Emission spectra and ligand titration curves were obtained by using a monochromator microplate reader (Safire, Tecan, Austria; excitation 433͞12 nm; emission 485͞12 and 528͞12 nm). All analyses were done in 20 mM sodium phosphate buffer, pH 7.0. The K d of each FLIPE sensor was determined by fitting to a single site binding isotherm:
is ligand concentration, r is ratio, r apo is ratio in the absence of ligand, and r sat is ratio at saturation with ligand. Measurements were performed with at least three independent protein extracts. To determine glutamate concentration in soy sauce (Kikkoman, Noda, Japan), calf serum (Cosmic Calf Serum, HyClone), and PC12 cell lysate, FLIP-E-600n was added to a dilution series of the respective samples, and fluorescence emission spectra were recorded. The Venus͞ECFP emission intensity ratio was determined, and the dilution at which the sensor is half-saturated (corresponding to the 630 nM K d of the sensor) was determined by using a singlesite-binding isotherm. For comparison, glutamate oxidase assays were done by using the Amplex Red Glutamate͞Glutamate Oxidase Assay Kit (Molecular Probes).
Cell Culture and Transfection. Rat pheochromocytoma PC12 cells were cultured in DMEM media supplemented with 10% equine serum and 5% cosmic calf serum (HyClone). Transfection was performed by using Lipofectamine 2000 (Invitrogen). Rat embryonic hippocampal cells were prepared as described in ref. 16 and transfected by using a modified calcium phosphate transfection protocol (17) .
Imaging of Cell Cultures. Rat hippocampal cells and PC12 cells were imaged 24-48 h after transfection in custom-made chambers by using an inverted epifluorescence microscope (DM IRE2, Leica, Leica, Germany) with a cooled CoolSnap HQ digital camera (Photometrics, Tucson, AZ) and a ϫ63 water immulsion lens (HCX PL APO, Leica, Leica, Germany). Dual emission intensity ratios were simultaneously recorded by using a DualView with an OI-5-EM filter set (Optical Insights, Santa Fe, NM) and METAFLUOR 6.1R1 software (Universal Imaging, Downingtown, PA). Unless stated otherwise, cells were superfused with Tyrode's saline solution (119 mM NaCl͞2.5 mM KCl͞2 mM CaCl 2 ͞2 mM MgCl 2 ͞25 mM Hepes͞30 mM glucose). For superfusion of hippocampal cells, 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris Cookson, Ellisville, MO) was added to avoid activation of non-NMDA receptors. For chemical stimulation, hippocampal cells were perfused with excitatory Tyrode's saline solution (32 mM NaCl͞90 mM KCl͞2 mM CaCl 2 ͞2 mM MgCl 2 ͞25 mM Hepes͞30 mM glucose). For electrical stimulation, current pulses were passed between the electrodes on both ends of the chamber by using a modified Isostim 320 (World Precision Instruments, Sarasota, FL; pulse frequency, 10Hz; applied voltage, 10V͞ cm). Neurons were superfused with 5 M FM 4-64 (Molecular Probes) and stimulated electrically for 30 s to accumulate dye in active synapses (18) . Imaging experiments were repeated at least three times independently.
Results
Structural Modeling of ybeJ. Attempts to convert the ligand-binding domain of the metabotropic glutamate receptor mGluR1 into a glutamate nanosensor by fusing the ligand binding domain to cyan FP (CFP) and YFP did not yield sensors that show glutamatedependent responses (S.O., unpublished data). The E. coli glutamate͞aspartate-binding protein ybeJ functions as a high-affinity in vitro glutamate sensor when coupled to environmentally sensitive small fluorophore dyes (13) . Therefore, ybeJ was selected for conversion to a genetically encoded nanosensor. The sequence of ybeJ had been aligned with amino acid-binding proteins of known structure (E. coli histidine-binding protein hisJ: PDB ID code 1hsl, 43% similarity; E. coli glutamine-binding protein glnH: PDB ID code 1wdn, 41% similarity) (13) , and a prediction of the final processed sequence was made by removal of the presumptive periplasmic leader sequence. This sequence was submitted for an automated structure prediction by using the Robetta server, with glnH structure as a template for backbone construction and threading. The highest-ranking predicted structure is shown in Fig. 1 , along with the depiction of the glnH open-to-closed conformational change. The ybeJ sequence used for the construction of the FLIPE sensor has an elongated C-terminal sequence relative to other periplasmic amino acid-binding proteins. The assignment of these 25 amino acids are particularly uncertain. The five highest-scoring models from Robetta predict that the C-terminal extension associates with the N-terminal domain, suggesting that ybeJ is also a type II bacterial PBP protein (19, 20) , as are all periplasmic hydrophillic amino acid binding proteins of known structures.
In Vitro Characterization of FLIPE Nanosensors. A DNA fragment encoding the mature ybeJ protein was fused between ECFP and Venus sequences. The chimeric gene was expressed in E. coli and purified through a His-6 tag by using Ni 2ϩ affinity chromatography. Addition of glutamate to purified protein resulted in an increase in CFP emission and a decrease in Venus emission, suggesting that the binding of glutamate to ybeJ results in a conformational change of the chimeric protein ( Fig. 2A) . Spectra at three different glutamate concentrations (zero, K d , saturation) show an isosbestic point at 520 nm (Fig. 2 A) . The Hill coefficient for glutamate is 1.0. The binding constant (K d ) for glutamate was determined to be 600 nM, consistent with results from de Lorimier et al. (13) , with a maximum ratio change of 0.27. Binding constants of FLIPE-600n for aspartate, glutamine, and asparagine were determined as 1.0, 100, and 200 M, respectively (Table 1) .
To expand the dynamic range of the glutamate sensor, the ybeJ domain was mutagenized to create sensors with lower glutamate affinity. It had been shown that conjugation of fluorophores to sites located at the perimeter of the interdomain cleft forming the ligand-binding pocket (''peristeric'' sites) may perturb the ligandbinding affinity in periplasmic-binding proteins (13) , and mutation of these and nearby positions modulates binding affinity (21). Among the peristeric residues analyzed, mutation of Ala-207 to Arg or Trp decreased binding affinity. Mutation of the endosteric residue Ser-118 to Trp also decreased affinity (Table 1 and Fig. 2B ). The FLIPE sensor and the affinity mutants were named FLIPE600n, FLIPE-10, FLIPE-100, and FLIPE-1m according to their K d for glutamate.
To demonstrate that FLIPE sensors are suitable for measuring glutamate or aspartate in complex solutions, proteins were used to determine glutamate levels in commercially available soy sauce and calf serum as well as PC12 cell extract. The measured concentration was slightly below the value determined by using an enzymatic assay ( Fig. 3A and Table 2 ), likely reflecting FLIPE's response to aspartate and glutamine.
In Vivo Characterization of FLIPE. Cytosolic glutamate levels in mammalian cells are predicted to be between 1 and 10 mM (22) . To test whether external changes in glutamate levels affect cytosolic steady-state levels, PC12 cells were transformed with FLIPE-100 and FLIPE-1m, covering a detection range of cytosolic glutamate concentrations between 10 M and 10 mM. However, perfusion of the cells with glutamate up to concentrations of 20 mM did not lead to FRET changes (Ͼ10 cells from three independent transforma- tions), suggesting that the rate of glutamate uptake mediated by EAAC1, GLT-1, and GLAST, three glutamate transporters expressed in PC12 cells (23), is too low relative to the existing steady-state levels and rates of metabolism and compartmentalization to significantly affect cytosolic levels (Fig. 3B) . Although the analogous glucose sensor functionally measures glucose levels in various cell types, the data do not exclude the possibility that the function of the sensors is inhibited in the cytosol. In glutamatergic neurons, glutamate is secreted into the synaptic cleft by fusion of glutamate-containing vesicles to the presynaptic plasma membrane. To detect extracellular glutamate, FLIPE-600n and FLIPE-10 were cloned into pDisplay. pDisplay carries a leader sequence, directing the protein to the secretory pathway, and a transmembrane domain, which anchors the protein to the extracellular face of the plasma membrane (Fig. 4 A and B) . Primary rat hippocampal cells and PC12 cells were transfected with FLIPE600n surface and FLIPE-10 surface constructs, and localization was analyzed by confocal microscopy. Expression of FLIPE surface was observed on the plasma membrane of rat hippocampal cells and, to a lesser extent, in intracellular compartments (Fig. 4C ). After perfusion with Tyrode's buffer containing 1 mg͞ml of trypsin, most of the fluorescence was eliminated, thus verifying that FLIPE is displayed at the cell surface (Fig. 5) . Synapse formation was confirmed by FM4-64 staining (Fig. 4D) .
To quantify glutamate, the intensity of CFP and Venus emission was integrated on a pixel-by-pixel basis, and the Venus͞CFP ratio was calculated. When hippocampal cells expressing FLIPE600n surface were electrically stimulated by a current pulse (Fig. 5) or chemically stimulated by perfusing cells with excitatory Tyrode's saline solution (Fig. 6 and 7) , a decrease in the Venus͞CFP ratio was observed, suggesting that glutamate is released from hippocampal cells in response to depolarization. To titrate the response to extracellular glutamate, cells were perfused with increasing glutamate concentrations. The emission intensity ratio changed in a concentration-dependent manner (Figs. 5 d-h and 6 ), indicating that the FLIPE-600n surface displayed on the cell surface binds extracellular glutamate. In most experiments, YFP emission decreased over the time of the experiment, as observed by using similar sensors in ref. 10 . The dynamic response range of the FLIPE-600n surface sensor is 100 nM-1 M, similar to that of the sensor in vitro (Fig. 6) . The Venus͞CFP ratio returned to the initial value when cells were perfused with glutamate-free medium, demonstrating that the change is reversible in vivo.
In contrast to cells expressing FLIPE-600n surface , chemical depolarization lead to a correspondingly smaller Venus͞CFP emission intensity change in cells expressing the FLIPE-10 surface (Fig. 8) . Larger ratio changes were observed when cells Assays were performed on samples from the same batch by using FLIPE600n and a glutamate oxidase assay (n Ն 3). were perfused with glutamate concentrations saturating the sensor (Fig. 8) , consistent with the lower K d of FLIPE-10 observed in vitro, suggesting that the glutamate concentration near the surface after depolarization was at the lower end of the dynamic range of FLIPE-10 surface sensor. Moreover, this experiment demonstrates that the ratio changes observed are due to glutamate (or aspartate) secretion.
Discussion
To monitor glutamate by using an optical sensor, a bacterial glutamate-binding protein was converted into a nanosensor by attaching an FP variant to each terminus of the mature ybeJ protein.
The purified sensor shows a maximal ratio change of 0.27 upon addition of glutamate, with an apparent affinity of 630 nM, similar to the value of 800 nM obtained for the unmodified wild-type protein (24) . The FLIPE sensor detects glutamate but also aspartate with 10-fold lower affinity and glutamine with 100-fold lower affinity. Affinity mutants were generated for in vivo measurements, covering a range of glutamate from nanomolar to millimolar. The sensors can be used for in vitro analysis of amino acid levels in complex solutions and in cell extracts.
This set of glutamate sensors should be suitable for monitoring glutamate transport and metabolism as reported for glucose detection by using an analogous FLIPglu in COS-7 cells in ref. 10 . FLIPE sensors expressed in the cytosol of PC12 cells did not show a signal change upon perfusion with glutamate up to 20 mM. Provided the sensor function is not inhibited in vivo, this finding suggests that cytosolic steady-state glutamate levels are primarily determined by metabolic conversion rather than uptake rates. Cytosolic concentrations in neurons are assumed to be 1-10 mM, consistent with the K d of vesicular glutamate transport measured between 0.3 and 2 mM (25, 26). PC12 cells express several highaffinity glutamate uptake systems; however, these systems appear to have insufficient capacity to significantly affect intracellular levels.
A major advantage of genetically encoded nanosensors is the ability to target the proteins to subcellular compartments, as demonstrated for FLIPglu in nuclei (27) . To measure glutamate secretion, we tested whether FLIPE sensors can be targeted efficiently to the surface of neuronal cells. A surface-displayed sensor would enable direct measurement of neurotransmitter release in living cells or organisms, which otherwise requires complicated technologies. FLIPE was thus targeted to the cell surface by using a secretion signal at the N terminus and a transmembrane anchor sequence at the C terminus. A significant fraction of FLIPE surface was found at the surface of the neuronal cells by confocal imaging and as confirmed by trypsin sensitivity. The magnitude of the response to perfusion with different glutamate concentrations is consistent with the corresponding in vitro affinities of FLIPE-600n and FLIPE-10. Stimulation of hippocampal neurons with high potassium concentrations and by electrical pulses also leads to a FRET response, consistent with accumulation of glutamate to concentrations of Ϸ300 nM at the surface of neurons. This value probably does not accurately reflect the concentration in a synaptic cleft in vivo because of differences in cell culture and intact organisms. Synapses in live tissue are surrounded by glial cells, which limit effective synaptic volume and enzymatically clear the glutamate from the synapse by uptake and conversion to glutamine (28). Thus glutamate pulses are concentrated and short-lived (29) . The cell culture contains a low number of glia, leaving synaptic clefts more exposed to perfusion by bulk solvent. This result may explain the lower glutamate pulse concentration observed in culture and the slow recovery after depolarization had been discontinued.
The contribution of aspartate to the response is probably low, because the affinity of FLIPE-600n is 10-fold lower, and the aspartate levels detected in rat thalamus are Ϸ5-fold lower than the corresponding glutamate concentrations (30).
The kinetics of both association and dissociation are expected to be rapid for glutamate binding to FLIPE; thus, the signal observed is likely to accurately reflect current concentrations. Kinetic measurements on glutamine-and histidine-binding proteins of E. coli suggest a value of k on Ϸ10 8 M Ϫ1 s Ϫ1 for the association of glutamate and FLIPE protein (31) . Ligand binding affinity of the periplasmic binding proteins is typically off-rate limited; the value of k off for the FLIPE sensors examined here is expected to be Ϸ10 1 to 10 5 s Ϫ1 (31). The rapid ligand association and dissociation should permit analysis of the transient (Ϸ1 ms), high-concentration (Ͼ1 mM) pulses of glutamate predicted for synaptic transmission (29) . In contrast to the findings in hippocampal neurons, pheochromocytoma PC12 cells showed no response to electrical and excitatory Tyrode's saline solution treatment. This finding was not unexpected because PC12 cells have a low capacity to secrete glutamate, mainly due to the low vesicular glutamate transport activity in these cells (32, 33) .
A confocal FRET imaging system with faster acquisition rates and higher resolution, in combination with restricted expression of FLIPE-600n surface at synapses, should allow for analysis of glutamate concentrations at individual synapses. Furthermore, it will be interesting to compare the results obtained here to data obtained in cocultures with glia or to analyze FRET changes in slices or living organisms to study spillover (10), the effect of drugs, and the role of dendritic reuptake in long-term potentiation (34) .
Allosteric Signal Transduction Mechanism in FLIPE Nanosensors. Fluorescent indicator protein (FLIP) nanosensors have thus far been developed by using type I periplasmic binding proteins (9) (10) (11) (12) 19) , with fluorophores attached to the N-and C-termini of the recognition element present on the two different lobes. The FPs attached to the different lobes are expected to undergo a significant relative rearrangement in concert with the conformational movement. The sign of the change in FRET efficiency for each existing sensor was consistent with the change in interfluorophore distance predicted from the crystal structure (9) (10) (11) (12) 35) , demonstrating the importance of donor-acceptor separation in transfer efficiency. Interestingly, however, the magnitude of the FRET change of the various FLIP sensors is constant despite different absolute distance changes of the termini, suggesting that rotational averaging serves to dampen the distance effect and to change the value of the orientation factor 2 (36) . Periplasmic hydrophillic amino acid-binding proteins of known structure have been classified as type II periplasmic binding proteins (19, 20) with N-and C-termini located on the same protein lobe. The structures of histidine-, glutamine-, and lysine͞arginine͞ ornithine-binding proteins have been solved in both the open and closed states with little change in the relative position of the termini during ligand binding (37, 38) . The modeled structures of ybeJ also suggest a type II configuration, although the assignment of the C-terminal region is uncertain. Modeling of the entire FLIPE construct, however, suggests that the Venus domain fused to the C terminus of ybeJ will be allosterically regulated by the domain closure. In the open state, the Venus domain is modeled to be sterically hindered by the second ybeJ lobe, resulting in a displacement toward the ECFP domain and a reduction in conformational flexibility. Upon domain closure, this steric hindrance is relieved, and the Venus domain is modeled to relax away from the ECFP, with an increase in conformational averaging. This predicted motion of the Venus domain relative to the ECFP domain, and the resulting change in donor-acceptor separation and rotation, is consistent with the observed decrease in transfer efficiency upon ligand binding. It thus appears that both direct and indirect allosteric effects may give rise to functioning fluorescent allosteric signal transduction mechanisms (39) .
Conclusions
The ybeJ protein was converted successfully into a genetically encoded glutamate sensor. Site-directed mutagenesis permitted the generation of affinity mutants covering a wide range of physiologically relevant glutamate concentrations. The sensors were used to measure glutamate secretion from cultured cells in real time. For certain in vivo measurements, e.g., determination of cytosolic changes, it may be desirable to engineer the sensors to further increase the signal, perhaps by modifying the linker domains or by insertion of the fluorophores into the binding protein sequence (S.O. and W.B.F., unpublished data). The glutamate sensors will be useful for a wide range of applications, to study, e.g., glial glutamate uptake and release, amino acid uptake and release from plant cells to identify the efflux mechanisms, or the role of plant glutamate receptor analogs (40) . Furthermore, transgenic organisms expressing FLIPE can be used to detect neuronal activity directly in organ slices or whole organism, as demonstrated for the calcium FRET, indicator in Caenorhabditis elegans neurons (41) .
